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Available online 26 November 2015It is commonly believed that young calves should not be fed more than about 2 l of milk per meal. If calves
are fed beyond this volume, it is said that the capacity of the abomasum may be exceeded and that milk
could enter the rumen. This can disturb the microbial ﬂora/fauna of the rumen and increase the risk of in-
digestion, diarrhoea and reduced growth. The aim of this study was to examine the effect of large milk
meals on digestive physiology and behaviour in dairy calves. Six calves (19–23 days of age at the beginning
of the experiment) were fed 2 l of warm whole milk by teat bottle three times per day, which was the rec-
ommended Norwegian feeding regime at the time. The calves were given free access to hay, concentrates
and water. During three morning feeding sessions, each separated by 48 h, all calves were offered larger
meals. The offered amounts were calculated according to the within patient 3-level Response Surface Path-
way (RSP) design. The milk given on the three test days contained a contrast medium (barium sulphate),
and the animals were radiographed before, during and immediately after intake to reveal whether milk en-
tered the rumen. Four out of the six calves drank more than 5 l in one meal and the highest voluntary intake
was 6.8 l in one meal (13.2% of BW). Abdominal radiographs showed that the abomasum has a large ability
for distension. Milk in the rumen was not observed in any of the calves, regardless of intake. The behaviour
of the calves was observed for 2 h after each test session. No behaviour indicating abdominal pain or dis-
comfort was observed regardless of intake. The results indicate that whenwarmwhole milk is administered
from a teat bottle, farmers can increase the amount of milk they offer their calves beyond the traditionallyKeywords:
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170 K. Ellingsen et al. / Physiology & Behavior 154 (2016) 169–174recommended portion size without risk of milk entering the rumen. Hence, farmers who want to feed their
calves more milk can do so by increasing meal sizes, and not necessarily by introducing an additional meal.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Table 1
Day-by-day schedule of milk amounts and actions.
Age of calves
(days)
Day at test
facility
Amount of milk
given (litres)
Action
8 am 1 pm 6 pm
19–23 0 – 2 2 Transportation from farm
20–24 1 2 2 2 Habituation to new housing
21–25 2 2 2 2 Habituation to new housing
22–26 3 Test
meala
2 2 X-ray after morning meal +
observation
23–27 4 2 2 2 –
24–28 5 Test
meala
2 2 X-ray after morning meal +
observation
25–29 6 2 2 2 –
26–30 7 Test
meala
None None X-ray after morning meal +
observation
a Test meals were decided based on the RSP design.1. Introduction
1.1. Stomach development
During the ﬁrst weeks of life, calves are functionally monogastric and
milk is the primary source of nutrition. Upon drinking milk, the oesopha-
geal (reticular) groove (sulcus retículi) is activated and themilk is shunted
directly past the forestomachs to the abomasum [1]. A number of factors
trigger this oesophageal reﬂex, including sucking behaviour, warm milk,
the position of the calf's head while drinking [1] and familiarity with the
feeding method [2].
For newborn and very young calves, milk in the forestomachs is usu-
ally unproblematic. The rumen, along with the reticulum and omasum,
is not yet developed and empties into the abomasum within hours [3].
For calves with ruminal development (2–3 weeks and older) [4], large
quantities of milk in the rumen may pose a problem. The lactose is con-
verted to lactic acid and other organic acids, or the milk proteins may
rot, which may lead to a change in pH, subsequently affecting the
rumenmicroﬂora causing indigestion, diarrhoea and reduced growth [1].
Milk is thought to enter the rumen in one of two ways. The ﬁrst is
through insufﬁcient closure of the oesophageal groove [5]. The second re-
sults fromoverfeeding ﬂuids beyond the capacity of the abomasum, caus-
ing backﬂow into the reticulorumen [5–7]. While the scientiﬁc origin
remains unclear, it is widely believed that the capacity of the abomasum
is about 2 l, and thatmilkmeal sizes beyond this volumewill causemilk to
enter the rumen. In a study from 2012, Flor et al. also calculated the ab-
omasal volume to be less than 2 l based on computed tomography (CT)
scans [8]. They did not, however, report the size of the offered milk
meal or actual intake by the calf.
1.2. Milk feeding in dairy calves
Traditionally, dairy calfmilk feeding systems have been based on daily
feeding rates of 8–10% of body weight (BW) [9]. This feeding regime is
highly restrictive compared to ad libitum feeding. Research has shown
that calves allowed ad libitum access to milk from artiﬁcial teats drink
8–10 l [10]. Calves allowed to suckle drink up to 12–15 l of milk per day
at 2–4weeks of age [11,12] (Grøndahl, unpublished). Khan et al. [13] rec-
ommend to feed dairy calves the equivalent of 20% of BW per day based
on a comprehensive literature review. This recommendation is more in
line with the natural milk intake level of dairy calves. The Norwegian
milk feeding recommendations were also recently increased from 6 to
8 l per day [14].
Until 3–4weeks of age, restrictivemilk feeding can result in the calves
being unable to meet their daily energy requirements [15], leading to
chronic hunger [16]. Oneway of feeding the calfmoremilk is to introduce
an additionalmeal. This increases theworkload for farmerswithout auto-
mated milk feeders and is therefore often undesirable. Another way is to
increase the meal size. Fear of exceeding the abomasal capacity causing
milk to enter the rumen, however, is amajor reason to limit themeal size.
1.3. Aim
We aimed to use radiography to examine the effect of voluntary in-
take of large milk meals on digestive physiology and determine how
much milk a dairy calf can drink from a teat bottle in one meal before
the abomasal capacity is exceeded and milk enters the rumen. We
also wanted to use behavioural observations to detect any abdominal
pain or discomfort resulting from large milk meals.2. Material and methods
2.1. The experimental animals
Seven Norwegian Red calves (four heifers and three bulls) born four
days apart were borrowed from a dairy farm south of Oslo, Norway.
One of the heifer calves became ill before the test period and was there-
fore excluded. The animals were 19–23 days of age at the beginning of
the experiment. All experimental animals were weighed upon arrival
(day 0) and before each test session. The calves weighed between 39.5
and 48.5 kg at arrival. The calves were housed in a group pen (4 by
4 m) at the Norwegian University of Life Sciences in Oslo. The calves
were fed according to the recommended Norwegian feeding regime at
the time and received 2 l of warm whole milk three times per day at
8 am, 1 pm and 6 pm. The animals had free access to water, hay and
concentrates.
All experimental procedures were in accordance with the regula-
tions controlling experiments/procedures on live animals in Norway,
and the study complies with the policies relating to animal ethics. Due
to the nature of the experiments, permission from the Norwegian Ani-
mal Research Authority was not required. All calves were returned to
their owner after the experiment.
2.2. The test procedure
The study was performed as an open, non-randomized trial with a
within patient 3-level RSP design [17]. On test days 3, 5 and 7 (days
after arrival to the test facility), the calves' morning meal was replaced
by milk containing the barium sulphate contrast (BaSO4) (Bracco,
MIXOBAR® COLON (1 g/ml)) at a ratio of 6:1. The small aperture teat
used allowed drinking at approximately 1.5 l/min. To standardize the
rate of intake, the same rubber teat was used for all test sequences and
all calves. Abdominal radiographs of the standing calves were taken be-
fore, during and immediately after administration of the barium sulphate
contrast (Table 1).
Lateral-lateral abdominal computed radiography (Kodak DirectView
CR 850) with a focus ﬁlm distance (FFD) of 140 cm using a grid (potter
bucky) on standing calves was performed. Exposure factors were 90 kV
and 32 mA-s.
A pilot study was performed in one calf (different from the experi-
mental animals) to assure thatmilk in the rumen could be distinguished
Table 2
Ethogram used to detect signs of abdominal pain or discomfort.
Behaviour Description Categories or units
Dull
appearancea
Passive, unresponsive and
uninterested in surroundings
No or yes
Vocalisation Any kind of vocal expressions Number of vocalisations per
animal
Licking at the
abdomen
Turns head and licks at the
abdomen
Number of licks per animal
Biting at the
abdomen
Turns head and bites at the
abdomen
Number of bites per animal
Kicking at the
abdomen
Kicks at the abdomen Number of kicks per animal
Getting
up/lying
down
Partly or fully stands up or lies
down
Number of times calf partly of
fully stood up or laid down
Rapid,
breathing
Rapid, shallow breathing Number of bouts and duration
per bout (second)
Bruxism Grinding teeth Number of bouts and duration
per bout (second)
Hunched
stance
Standing with head low and
back arched
Number of bouts and duration
per bout (second)
a Recorded every 30 min.
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[3] in calves and Phillipson [18] in lambs. One hundred millilitres bari-
um sulphate was administered to the rumen through an oesophageal
tube (Fig. 1A). Immediately thereafter, the calf was allowed free intake
of warm whole milk mixed with the contrast through a small aperture
teat, as with the experimental calves. The abomasum and rumen
could easily be discerned on radiographs after intake of 4 l of milk
(Fig. 1B).
On each of the three test days, continuous live behavioural observa-
tions were carried out in each calf during 2 h starting immediately after
the test meal, to reveal signs of abdominal pain or discomfort according
to a predeﬁned ethogram (Table 2). The ethogramwas based on Bourne
[19]. All behavioural observations were carried out by the same observ-
er (1st author, ethologist and researcher with experience from behav-
ioural observations and pain assessment in animals). For practical
reasons, the observer could not be blinded to the performance of the
calves during trials.
Diarrhoea (deﬁned as abnormal frequency and ﬂuidity of faecal
evacuations) was recorded for each calf individually.
The RSP design consisted of three dose levels, in which all the calves
were started on the same dose at the ﬁrst design level, but thereafter
participated in the study based only on ownobtained results. The grades
of negative reactions (milk detected in the rumen or failure to ingest the
offered amount) determine the dose for the subsequent levels. All calves
were given 4.0 l at the ﬁrst RSP level, and themeal sizewas subsequent-
ly changed individually based on the obtained results, i.e. milk detected
in the rumen or failure to ingest the amount offered. The minimum and
maximummeal size were set to be 1.0 and 7.0 l, respectively.
3. Results
All calves drank volumes far exceeding their normal meal size. Milk
in the rumen was not detected, regardless of intake. Four of the six
calves drank more than 5 l in one meal, while two of them drank
more than 6 l when the highest amounts were offered (Table 3).
Mean intake from the teat bottle in one meal was 3.8 (8.1% of BW),
4.9 (10.2% of BW) and 5.4 (10.8% of BW) litres of milk on Level 1, 2
and 3, respectively. The highest voluntary intake recorded in the study
was 6.8 l (13.2% of BW).
On Level 1, ﬁve of the six calves drank all of the 4 l theywere offered.
One calf drank only 2.6 l (65% of the amount offered). This particular calf
had a coughing spell during the meal and thereafter lost interest.
Fig. 2A (radiograph of the cranial abdomen of a standing calf) shows
the abomasumbefore intake of the contrastmilk,while Fig. 2B–D shows
the gradual abomasal extension after ingestion of 2, 4 and 6 l of contrast
milk, respectively.Fig. 1. Lateral cranial abdominal radiography of the 15 days old pilot calf (head oriented to the r
(A) and after consuming 4 l of contrastmilk (BaSO4) (B). Note that the rumen (white arrow) and
contrast has passed to the small intestine.With regards to the behavioural indicators of abdominal pain or dis-
comfort, a low frequency of licking at the abdomen (performed by two
calves) and lying down/getting up (performed by all calves) were ob-
served. The highest number of lying down/getting up behaviours per-
formed by one calf was 5 times within one observation period. No
diarrhoea was observed in any of the experimental animals. Table 4
shows the accumulated observations for all six calves per level. The
numbers in brackets show the number of animals that carried out the
behaviour.
4. Discussion
The abomasum has large ability for distension. Voluntary intake of
up to 6.8 l of warm whole milk in 3 weeks old calves did not cause
milk to enter the rumen and no behaviour indicating abdominal pain
or discomfort was observed.
4.1. Methodological issues
TheRSPmethodwas chosen because it effectively narrows down the
dose window to pinpoint an exact dosage [17,20]. The method permits
the dose level to be adjusted based on the amount of milk in the rumen,ight) after administration of 100ml of barium sulphate contrast using an oesophageal tube
reticulum(black arrow) can be differentiated from the abomasum. Some barium sulphate
Table 3
Individual milk amounts ingested and offered in litres and per cent of body weight for the
six calves in the experiment.
Animal Amount ingested/offered
(litres)
Intake in per cent of body
weight
Test day
3
Test day
5
Test day
7
Test day
3
Test day
5
Test day
7
1 2.6/4.0 3.0/3.0 3.5/3.5 5.7 6.3 7.2
2 4.0/4.0 5.0/6.0 5.3/6.5 10.3 12.3 12.8
3 4.0/4.0 5.3/6.0 5.5/6.5 8.5 10.7 10.7
4 4.0/4.0 6.0/6.0 6.8/7.0 7.8 11.9 13.2
5 4.0/4.0 4.8/6.0 4.7/5.5 8.2 9.5 9.0
6 4.0/4.0 5.5/6.0 6.4/6.5 7.8 10.7 12.0
Mean intake
(SD)
3.8
(0.6)
4.9
(1.0)
5.4
(1.2)
8.1
(1.5)
10.2
(2.2)
10.8
(2.4)
Table 4
The accumulated occurrence and/or frequency of behaviours related to abdominal pain in
calves. The numbers in brackets show the number of animals that carried out the
behaviour.
Behaviour Test day 3 Test day 5 Test day 7
Dull appearance 0 0 0
Vocalisation 0 0 0
Licking at the abdomen 3 (1 calf) 4 (2 calves) 0
Biting at the abdomen 0 0 0
Kicking at the abdomen 0 0 0
Getting up/lying down 14 (6 calves) 10 (5 calves) 19 (5 calves)
Rapid, breathing 0 bouts 0 bouts 0 bouts
Bruxism 0 bouts 0 bouts 0 bouts
Hunched stance 0 bouts 0 bouts 0 bouts
172 K. Ellingsen et al. / Physiology & Behavior 154 (2016) 169–174allowing us to determine the volume at which the abomasal capacity
would be exceeded. Between- and within-patient RSP designs are gen-
erally analysed with isotonic regression analysis [17,20]. However, no
meal size in the current study turned out to cause milk to enter the
rumen. This means that there were no quantiles to estimate and
hence isotonic regression could not be applied to determine an optimal
dose level based on abomasal capacity.
Milk is easily digestible and abomasal emptying in young calves nor-
mally starts within a few minutes [21]. Radiographs were taken during
and immediately after the milk intake when backﬂow is most likely to
occur. Ruminal emptying can take up to 48 h [3]. To avoid confusion
from barium sulphate potentially remaining in the forestomachs, test
sessions were performed with 48 h intervals.Fig. 2. Cranial abdominal radiograph (head oriented to the right) taken at test day 7 before adm
sulphate contrast 6:1). A: Note a small amount of residual barium sulphate evident in the cranio
D: Note that radiopaque material is present in the abomasum and no visualization of the rum
beam. The ﬂuid level refers to an interface between ﬂuid and gas (gas-ﬂuid interface, white a
ﬂuid–ﬂuid interfaces (black arrow). The double interface ismost likely due to radiographs taken
layering of the ﬂuid.Teat feeding, and the use of a small aperture teat, are widely recom-
mended in the literature [22–25], and was also the method of choice in
this experiment. Compared to non-sucking methods, teat feeding has
advantages like stimulating the oesophageal reﬂex, and causing fewer
sequential openings and closings of the oesophageal groove [26].
4.2. Optimal milk feeding
Voluntary intake as high as 5–6 l of milk in one meal did not cause
milk to enter the rumen. This does not mean that we can recommend
feeding milk meals of that size to dairy calves on a daily basis. The test
meals were offered as single meals on three separate occasions, and
we did not test how much the calves would have drunk if offered this
amount three times a day. Neither were the long-term effects of largeinistration (A) and after sucking 2 (B), 4 (C) and 6 (D) litres of contrast milk (milk:barium
ventral aspect of the abdomen consistent with the location of the abomasum (arrow). B/C/
en. D: The lateral abdominal radiographs of standing calves are acquired using horizontal
rrow) in the stomach. In addition to the gas-ﬂuid interface there are occasionally visible
immediately after the calves stopped drinking, before the ﬂuid ﬁnds its true level, causing
173K. Ellingsen et al. / Physiology & Behavior 154 (2016) 169–174meals investigated. However, it has been found elsewhere that feeding
milk ad libitum [9] or in large quantities [27] results in higher growth
rates without compromising health or reducing solid feed intake after
weaning. For instance, in a study by de Passillé et al. [12], calves were
allowed to suckle twice daily. The amount drunk by the calves increased
from 6.5 kg per day in week 1 to 12.5 kg per day in week 9, indicating
large milk meals without adverse effects. Also, in the study by Appleby
et al. [10], the average size of the calves' ﬁrst milk meal of the day was
4.7 l (range 1.7–8.0 l) with favourable outcomes. Our results support
these ﬁndings by showing that the abomasumhas a large ability for dis-
tension and that voluntary intake does not cause milk to enter the
rumen.
Based on this study, it could be argued that calves can be fed one sin-
gle, large meal per day rather than several smaller ones. This was not
tested, but is probably not recommendable. Large, infrequent meals
have been found to have negative effects on calf metabolism and de-
crease insulin sensitivity [28]. There are also several studies reporting
positive effects on weight gain and calf health and welfare as a result
of an increased number of milk meals [29–31].4.3. High milk intake and pain behaviour
Behavioural observations were included to detect signs of abdomi-
nal pain or discomfort resulting from the large milk meal. Despite the
fact that the calves on several occasions drank milk amounts exceeding
10% of BW, no behaviour indicating abdominal pain or discomfort was
observed. Some calves were observed licking at their abdomen. The be-
haviour was carried out as part of the grooming and was not directed
exclusively at the abdomen. Most calves would lie down and get up
again during the2-hour observation periods, but not in a rapid sequence
as seen in colic behaviour [19]. On several occasions, the calves rised to
eat hay, drink water or as a response to an external stimuli like people
looking into the pen. The lack of behaviours indicating pain implies
that although high amounts of milk were ingested, the calves are able
to control intake in such a way that pain is avoided.
No diarrhoea was observed in any of the experimental animals.
However, as barium sulphate is an antidiarrhoeal agent, the contrast
could have hidden any laxative effects of increased amounts of milk,
thus making it hard to draw conclusions from the current study.
In the current study all calves were given warmwhole milk through
a small aperture teat in a standardized way. Hence potentially inﬂuen-
tial factors related to milk type or feeding technique were not investi-
gated. For instance, it is currently unknown whether feeding large
volumes of milk replacer would yield the same results. Teat feeding,
and the use of a small aperture teat, is widely recommended in the liter-
ature. Future studies should therefore be aimed at testing if larger vol-
umes of milk can be problematic if administered e.g. through a teat
with a larger opening or straight from an open bucket.5. Conclusion
No optimal milk meal size could be determined based on the results
of the current study. Nevertheless, voluntary meals of 3.5 to 6.8 l of
warm whole milk given by a small aperture teat did not cause milk to
enter the rumen, and behaviour indicating abdominal pain or discom-
fort was not observed regardless of intake. These results support other
studies indicating that dairy calves can be fed milk meals beyond the
traditionally recommended portion size without the risk of adverse
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